Abstract-In this paper, we investigate how to determine an optimal target channel sequence with the minimum cumulative handoff delay in cognitive radio networks. When the secondary user encounters multiple spectrum handoffs during its transmission period, the effects of multiple interruptions from the high-priority primary users and the traffic statistics of both the primary and the secondary users should be incorporated in the design of the optimal target sequence. The optimal target channel sequence can guild the secondary user to change its operating channel when the primary user's interruptions occur. With M candidate channels and L elements in the target channel sequence for spectrum handoffs, the exhaustive search (ES) requires time complexity of O(M L ). In this paper, we propose a dynamic programming (DP) algorithm with time complexity of O(LM 2 ) to determine an optimal target channel sequence. Furthermore, we propose a greedy algorithm with time complexity of O(M ) and prove that the greedy algorithm only requires comparing six target channel sequences. Numerical results show that the low-complexity greedy algorithm can yield similar cumulative handoff delay performance as the optimal DP-based or ES-based algorithms in most cases except when the primary users' service time distributions at their operating channels are different.
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I. INTRODUCTION
C OGNITIVE radio (CR) can significantly improve spectrum efficiency by allowing the secondary users to access the under-utilized licensed spectrum of primary users [1] . When a high-priority primary user appears at his/her licensed band, the low-priority secondary users need to vacate the occupied channel, resulting in the spectrum handoff issue. Spectrum handoff procedures are designed to select a target channel for the secondary users to resume the unfinished transmission. Clearly, multiple interruptions from the primary users will result in multiple spectrum handoffs. Hence, a set of target channels, called the target channel sequence, shall be determined for multiple spectrum handoffs during the transmission period of a secondary connection.
Basically, the target channel selection approaches in spectrum handoff can be categorized into two kinds [2] : (1) ondemand channel selection for the reactive-decision spectrum handoff; (2) predetermined channel selection for the proactivedecision spectrum handoff. The first kind of target channel selection approaches are based on instantaneous spectrum sensing outcomes to find available and good-quality target channels. For this kind of approaches, channel search time is the dominant factor for the cumulative multiple-handoff delay per connection in addition to channel switching time. From the aspect of designing the optimal channel sensing order, [3] - [5] investigated how to minimize the delay of finding available channels for spectrum handoff. Furthermore, the throughput maximization issue for CR networks with adaptive modulation was examined in [6] , [7] . An optimal strategy for channel probing and transmission scheduling was proposed in [8] . The methods in [3] - [8] considered the channel search issue in the case of the initial channel access and single spectrum handoff. The impacts of channel search time on the cumulative delay of multiple spectrum handoffs were studied in [9] , [10] by using the preemptive resume priority (PRP) M/G/1 queueing approach. In the case of multiple handoffs, it was found that spectrum sensing time in on-demand channel selection can significantly affect spectrum handoff delay.
The second kind of target channel selection approaches are to predetermine the target channels based on the long-term traffic statistics. Because both the transmitter and receiver can know their target channel sequence for future spectrum handoffs before data transmission, achieving a consensus on the target channels between the transmitter and its intended receiver is easier in this approach 1 . Furthermore, the secondary users using this method can immediately change to the predetermined target channel and thus save spectrum sensing time, but the predetermined channel selection approaches need to consider the channel obsolescence issue. Because the predetermined target channel may not be available any more when a spectrum handoff is requested, the secondary user must consider the corresponding waiting time when determining its target channels. In the literature, the predetermined target channel selection methods for spectrum handoffs can be further categorized into two kinds: the probability-based channel 1 The transmitter can notify the corresponding receiver of the selected target channel sequence during connection initialization period, and does not require notifying the corresponding receiver of the selected target channel when interruption occurs.
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• In [11] - [13] , the probability-based channel selection methods were developed to predetermine the probability that each channel is selected to be the target channel. Based on the predetermined probabilities, the optimal channel hopping sequence was decided in the packet-bypacket or slot-by-slot manners. In [11] , [12] the optimal channel hopping sequence was designed for the singlesecondary-user case, while in [13] the similar problem was extended to the multiple-secondary-user scenario. The above approaches for designing the channel hopping sequence were optimal in the sense of maximizing the per-slot throughput. However, the latency issue in spectrum handoff has not been considered yet. It is clear that the cumulative delay per connection due to multiple spectrum handoffs is an important quality of service (QoS) performance measure for CR networks.
• Another kind of target channel selection approaches are to apply the theory of Markov decision process. In [14] - [20] , the target channel selection problem in every time slot was modeled as a Markov decision process. According to the channel occupancy state at the current time slot, a decision maker (secondary user) preselected the best action (target channel) to maximize its immediate reward at the next time slot, where the considered reward or the objective function was the expected per-slot throughput [14] - [18] , the expected idle period [19] , and the expected waiting time [20] . However, these papers only considered the effects of channel usage behaviors of the primary users on the channel occupancy. Thus, it would be interesting to examine how the traffic loads of secondary users affect the target channel selection for spectrum handoff.
In this paper, we formulate an optimization problem for the proactively predetermined target channel selection with the objective of minimizing the cumulative delay per connection for a newly arriving secondary user, while taking into account of the channel switching time and the waiting time resulting from the channel obsolescence effect. To ensure the QoS of the secondary users, the optimal sequence of preselected target channels shall incorporate two important factors: (1) multiple interruptions from the primary users in each secondary users' connection; (2) various arrival rates and service time of both the primary and secondary users. The contributions of this paper can be summarized in the following:
• A dynamic-programming-based algorithm with the time complexity of O(LM 2 ) is proposed to find an optimal target channel sequence with minimum cumulative spectrum handoff delay, where L and M are the lengths of the target channel sequence and the total number of candidate channels for spectrum handoffs, respectively.
• Furthermore, a sub-optimal but low-complexity greedy algorithm with O(M ) time complexity is proposed. We prove that it is only necessary to compare six target channel sequences, and demonstrate that the cumulative multiple-handoff delay of the greedy algorithm is close to that of the optimal dynamic-programming-based algorithm.
Sensing Phase
Transmission Phase slot Fig. 1 . Slot structure of the secondary network.
The rest of this paper is organized as follows. Section II introduces the system model and formulates an optimization problem of finding the target channel sequence with the objective of minimizing the cumulative handoff delay for a secondary users' connection. Then, the closed-form expression for the cumulative handoff delay is derived in Section III. Furthermore, Section IV presents a dynamic programming algorithm to solve the target channel sequence search problem. Moreover, a suboptimal low-complexity greedy algorithm is suggested in Section V. Numerical results are shown in Section VI. Finally, we give our concluding remarks in Section VII.
II. PROBLEM FORMULATION

A. System Model
The CR network is considered as a time-slotted system, where the slot of secondary network consists of sensing phase and transmission phase as shown in Fig. 1 . Each secondary user must perform spectrum sensing at the beginning of each time slot to detect the presence of primary users 2 . If the current operating channel is assessed as idle, the secondary user can transmit or receive data in the remaining duration of this time slot. Otherwise, the unfinished transmission will be resumed at the preselected target channel by executing spectrum handoff procedures. The kind of listen-before-talk channel access scheme has been implemented in many wireless techniques, such as the quiet period of the IEEE 802.22 standard [22] .
Some assumptions are adopted in our performance model for spectrum handoff. First, it is assumed that the primary users' connections have higher priority to access channel than the secondary users' connections. Secondly, the channel access order is scheduled according to the first-come-first-served (FCFS) discipline for the connections with the same priority 3 . Furthermore, each primary and secondary user is pre-assigned with a default channel. After the initial handshaking, the transmitter starts sending data at the default channel to its intended receiver [14] . Lastly, we assume that only one user can transmit data in one channel at any time. 2 Based on this method, the transmission of secondary users may still interfere with the transmission of the primary users due to missed detection. Missed detection occurs when the detector mistakenly reports the absence of a primary user. In this case, data transmission of the primary users will be stained by the secondary users, and then primary users must retransmit the stained data in the next slot. Thus, primary users' actual transmission time is extended as discussed in [21] . 3 In order to apply the first-come-first-served discipline, one network controller may be included in CR networks. For example, the base station of the secondary network can be the network controller. It can record the arrival time of all secondary users' data requests. Next, when channel becomes idle, the base station can notify the suitable secondary users through its control channel in order to initialize data transmission. 
B. An Illustrative Example for Multiple Spectrum Handoffs
A secondary users' connection may encounter multiple spectrum handoffs due to more than one interruption from the primary users. Because these spectrum handoffs can be requested at different channels, the secondary users need to select a set of target channels (i.e., the target channel sequence) for a series of spectrum handoffs.
To begin with, we give an example to illustrate the multiple handoff scenario. Note that we use capital letters to denote random variables and lower-case letters to denote specific values of these variables in this paper. Fig. 2 shows that a secondary users' connection SC A experiences three interruptions from primary users. We assume that the transmitter of SC A intends to transmit data in a connection using 29 slots in a slotted system. Let random variable T be SC A 's extended data delivery time, which is the duration from the beginning of sending data until the instant of finishing transmitting the whole data in the originally established 29-slot data connection. Furthermore, denote random variable D(k, k ) as the handoff delay, which is the duration from the instant when the transmission of the secondary user is interrupted at channel k until it is resumed at channel k . Then, the transmission process with multiple handoffs is described as follows: 1) In the beginning, SC A is established at its default channel Ch2. Let SC A 's predetermined target channel sequence for multiple handoffs be (Ch1, Ch1, Ch3, · · · ). 2) At the first interruption, the operating channel of SC A is changed from Ch2 to the idle Ch1 because the first element in the target channel sequence is Ch1. ] in the case of k = k , where k and k are the operating channels before and after interruption. When k = k and channel k is idle, the conditional expected handoff delay equals to
However, when k = k and channel k is busy, the conditional expected handoff delay equals to
Formally, we have the following three relationships:
and
C. Cumulative Handoff Delay Minimization Problem
As shown in Fig. 2 , the cumulative handoff delay from multiple handoffs and the transmission service time contribute to the extended data delivery time. From the viewpoint of maintaining the link connection quality, the extended data delivery time is an important QoS performance metric. Hence, it is important for the secondary users to reduce the cumulative handoff delay from the multiple interruptions of the primary users. Since the cumulative handoff delay is affected by the selected target channels, the target channel sequence design for spectrum handoffs with an objective of minimizing the cumulative handoff delay becomes important QoS issue in CR networks.
Hence, we formulate a Cumulative Handoff Delay Minimization Problem for a link connection with multiple spectrum handoffs. Consider a CR network G with M independent channels, where the target channel sequence for future spectrum handoffs is proactively determined for each newly arriving secondary connection. For the secondary connection with the initial default channel η, we denote its target channel sequence for spectrum handoffs as s(η) (s 1 , s 2 , s 3 , · · · ), where s i is the target channel at the i th interruption. Note that s 0 η. Given a set of candidate channels Ω = {1, 2, . . . , M} and the required length of the target channel sequence for L spectrum handoffs, the cumulative handoff delay minimization problem is to determine an optimal target channel sequence (denoted by s(η) * ) for a newly arriving secondary users' connection with the minimal average cumulative handoff delay
where Ω L is the set which consists of all possible target channel sequences with length L. In general, this finite value L can be also interpreted as the maximum allowable number of interruptions for a secondary connection. That is, it is assumed that a secondary connection will be dropped if it encounters more than L interruptions.
When the newly arriving secondary connection's optimal target channel sequence is determined, it is unnecessary to re-calculate the optimal target channel sequences of the other existing secondary users' connections in G because we assume that the new secondary connection has highest priority to determine its optimal target channel sequence. In CR networks, in order to achieve the fairness requirement, it is desired to reduce the variance of the extended data delivery time of all secondary connections. Because the existing secondary connections have initiated their transmission awhile, the remaining transmission time of the existing secondary connections will be shorter than the service time of the newly arriving secondary connection on average. Hence, reducing the extended data delivery time of a new secondary connection is more critical than reducing that of the existing secondary connections. In this case, after the new secondary connection determines its optimal target channel sequence, the existing secondary connections cannot change their predetermined target channel sequences even though these predetermined target channel sequences may no longer be optimal. Based on this approach, the variance of the extended data delivery time of all secondary connections can be reduced. Note that the considered network is fair for all the secondary users because the probabilities of having a new connection for all secondary users are the same.
III. CUMULATIVE HANDOFF DELAY ANALYSIS
In this section, we derive the closed-form expression for the average cumulative handoff delay of target channel sequences s(η), taking into account of the effects of various arrival rates and service time distributions of the primary and secondary users. The analytical formulas can facilitate the optimal target channel sequence design, which will be discussed in the next section. To ease notations, we denote s for s(η) in the rest of this paper. Let N be the total number of interruptions in the considered connection, where N ≤ L. According to the total probability principle, it follows that 
Note that (6) is equivalent to (1), (2) , and (3). In this paper, we apply the preemptive resume priority (PRP) M/G/1 queueing model, as shown in Fig. 3 , to obtain the closed-form expressions for E[Y (slots/arrival) as the random variables of the corresponding service time of the primary and secondary users, respectively 5 . Note that the traffic loads of the primary and 5 The probability density functions of λ
can be obtained by certain traffic pattern prediction methods such as [24] . secondary users must enter the high-priority and low-priority queues before transmitting data, respectively. Furthermore, the primary user can interrupt the transmission of the secondary connections.
Next, E[Y
] are derived based on the following assumptions. For the newly arriving secondary connection, it can change to new channel or stay on the current operating channel when it is interrupted. In contrast, for the other existing secondary users' connections in G, we assume that their optimal target channel sequences are to always stay on the same channel. That is, they will not change their operating channel for the interruption requests. In this case, the unfinished workload of the interrupted secondary connection will be connected to the head of the low-priority queue of its current operating channel. Under the above assumptions and referring to [25] , [26] , we obtain the closed-form expressions for E[Y 
Substituting (7) and (8) into (6), the closed-form expression for E[D(s i−1 , s i )] can be obtained. Although it is assumed that the other existing secondary users' connections in G will not change its operating channel when interruption occurs, the proposed analytical framework can be also applied to the case that the operating channels of the existing secondary connections are different in spectrum handoffs. The closedform expressions of (7) and (8) for the more general target channel sequences were investigated in [27] .
B. Derivation of Pr{N = n}
Next, we derive the closed-form expression for Pr{N = n} in (5). It follows that
First, under the condition of having i interruptions already, the probability that a secondary users' connection is interrupted at
Next it follows that
because Pr{N ≥ 0} = 1 and
substituting (10) and (11) into (9), one can express the probability that the secondary connection is interrupted exactly n times as follows:
Note that the closed-form expression for p
was derived in [27] as follows:
where the random variable Φ (k) i is defined to be the transmission duration of the newly arriving secondary connection at channel k between the i th and the (i + 1) th interruptions.
IV. OPTIMAL DYNAMICAL PROGRAMMING ALGORITHM
In this section, we use the dynamic programming (DP) optimization technique to solve the Cumulative Handoff Delay Minimization Problem. If this problem is solved by exhaustively searching all the possible target channel sequences, this brute force approach must enumerate all the M L possible permutations of the target channel sequences and compute the cumulative handoff delay for each permutation of a target channel sequence. The exhaustive search method has the time complexity of O(M L ) and is infeasible especially for a large value of M or L. Hence, it is critical to design a low-complexity optimization algorithm for this problem. To this end, we first develop a state diagram to characterize the evolution of target channel sequences and their corresponding cumulative handoff delay. We observe that the considered optimization problem has the optimal substructure property. Therefore, a dynamic programming algorithm with a time Fig. 4 shows the proposed two-dimensional state diagram in which the state variable (k, i) represents that channel k is selected to be the element in the target channel sequence at the i th interruption. The initial state of this state diagram model In our design, we make the handoff delay of the interrupted secondary users' connection be proportional to the cost of state transition. For example, when the considered secondary users' connection stays on the current channel k at the i th interruption, the transition cost from states ( 
A. State Diagram for Target Channel Sequences
where ν i is a normalized factor. In Proposition 1, we will discuss how to obtain ν i .
Proposition 1. Given the total number of interruptions N (where N ≤ L) and the interrupted probability p (si) i at channel s i after i interruptions, the normalized factor ν i can be expressed as follows:
Proof: Recall that E[D (s)] is the average cumulative handoff delay of the considered newly arriving secondary connection with the target channel sequence s. E[D (s)] can be also interpreted as the cumulative cost for the state transition path
Furthermore, from (5), we have
Comparing (16) and (17), we prove that (15) is sustained.
B. Optimal Substructure Property
Next, we show that this considered problem with the proposed state diagram has the optimal substructure property. This problem has the optimal substructure beacuse an optimal solution can be efficiently builded from the optimal solutions to its subproblems [28] . Let m(k , i) be the cumulative cost of the minimum cost path from the initial state (η, 0) to the state (k , i), where i ≥ 1. Then, the recursive relationship between m(k , i + 1) and m(k , i) can be described as follows:
where
Based on this optimal substructure, we can find an optimal solution to the considered optimization problem from the optimal solutions to the subproblems. Consequently, the shortest cumulative handoff delay (denoted by m * ) can be obtained as follows:
Algorithm 1: Dynamic Programming Algorithm for Target Channel Selection
Input: M ,L, η, and w
C. Dynamic-Programming-Based Target Channel Selection Algorithm
Based on the aforementioned optimal substructure, we propose a DP algorithm with time complexity of O(LM 2 ) to search the minimum cost path in the state diagram. The objective of the proposed DP algorithm aims at minimizing the cumulative handoff delay of the considered secondary users' connection. Algorithm 1 shows the detailed procedures. When evaluating the cumulative cost m(k, i) at each stage, the selected state variable in the minimum cost path will be recorded. By tracking the selected states in the minimum cost path, the DP algorithm can construct an optimal target channel sequence with the shortest average cumulative handoff delay.
V. SUBOPTIMAL LOW-COMPLEXITY GREEDY ALGORITHM
In the section we present a suboptimal greedy algorithm that can have lower time complexity than the DP-based algorithm for the Cumulative Handoff Delay Minimization Problem.
For the DP-based algorithm with time complexity of O(M 2 L), the proposed greedy algorithm has time complexity of O(M ).
Unlike the proposed DP-based algorithm that minimizing the cumulative delay of multiple spectrum handoffs, the greedy strategy for target channel selection only considers the shortest handoff delay of one spectrum handoff.
A. Target Channel Sequences Based on Greedy Strategy
When the shortest-handoff-delay strategy for target channel sequence design is adopted, some permutations of the target channel sequences in all the M L possible permutations will never occur. Therefore, with a small-sized solution set, the greed strategy can reduce the time complexity in solving the Cumulative Handoff Delay Minimization Problem. Here we give an example to illustrate which permutations of target channel sequence will not be in the solution set if the greedy strategy is adopted. Consider a secondary users' connection whose default channel is channel 1 (Ch1) in a two-channel system. Either channels 1 or 2 (Ch1 or Ch2) can be the target channel when an interruption event occurs. Assume that the average busy period of Ch1 is shorter than the sum of channel switching time and the average waiting time of Ch2, i.e., E[Y (1) p ] < t s + E[W (2) s ]. At the first interruption, the greedy strategy selects Ch1 as the target channel for the secondary user. The similar argument can be held for all the upcoming interruptions. Thus, the target channel sequence shall be (Ch1, Ch1, Ch1, Ch1, Ch1, · · · ). As a result, some permutations of the target channel sequences, such as (Ch1, Ch2, Ch2, Ch2, Ch2, · · · ) or (Ch1, Ch2, Ch1, Ch1, Ch1, · · · ), will never occur.
In Theorem 2, even for a general M -channel system, we prove that only six target channel sequences are required to be compared when the greedy shortest-handoff-delay target channel selection strategy is employed. Fig. 5 .
Theorem 2. The shortest-handoff-delay target channel selection strategy only requires comparing six target channel sequences, as shown in
Proof: Consider a secondary users' connection whose default channel is α (α ∈ Ω). The greedy strategy is adopted to select a channel with the shortest handoff delay when an interruption event occurs. Thus, the secondary user will compare the expected one-time handoff delay of staying on the same channel and that of changing to a new channel. Next we discuss in which conditions the greedy strategy can exclude some target channel sequences from the solution set.
(1) At the first interruption: The secondary user can select channels α or k (k ∈ Ω/{α}) for the target channel. If staying on channel α, the expected delay for the nonhopping spectrum handoff equals the average busy period of the primary users' connections at channel α (denoted by E[Y (α) p ]). If changing to channel k, the secondary user will experience the delay of the hopping spectrum handoff, which is the sum of t s and E[W (k) s ]. Hence, if the following condition (C1) is satisfied,
channel α is the first element in the target channel sequence. When the traffic statistics of all channels are stationary and (C1) is satisfied for all the upcoming interruptions, the interrupted secondary user will always stay on channel α. That is, the target channel sequence becomes (α, α, α, α, α, α, · · · ), as shown in the first row of Fig. 5 .
On the other hand, if the condition (C2) is satisfied,
, the first element in the target channel sequence is channel β. Since (C2) cannot determine the remaining elements in the target channel sequence, we need to discuss the situations at the second interruption.
(2) At the second interruption: Under the condition (C2), the secondary user needs to consider the following three conditions for the target channel at the second interruption: (1) staying on channel β; (2) switching back to channel α; and (3) changing to channel γ (γ = α and γ = β).
• First, we consider the case of staying on channel β. In this case, the following condition shall be satisfied:
When (C3) is satisfied, the interrupted secondary user prefers staying on channel β similar to the situation of (C1). Combining (C2) and (C3) leads to the target channel sequence (β, β, β, · · · ), as shown in the second row of Fig. 5 .
• Next, we consider the case of switching back to channel α. In this case, it follows that
With (C4), the interrupted secondary user will switch back to channel α. If the third interruption event occurs, then the secondary user will switch back to channel β according to (C2). Hence, combining (C2) and (C4) yields the target channel sequence (β, α, β, α, β, α, · · · ), as shown in the third row of Fig. 5 .
• When (C3) and (C4) are not satisfied, the case of changing to channel γ is considered. It implies that there exists channel γ (γ = α) such that (C5) :
Although the second element in the target channel sequence is channel γ, combining (C2) and (C5) cannot determine the remaining elements in the target channel sequence. We need to further discuss the situations at the third interruption. (3) At the third interruption: Given (C2) and (C5), three more situations are needed to be considered as follows: (1) staying on channel γ; (2) switching back to channel α; and (3) switching back to channel β.
• First of all, the interrupted secondary user prefers staying on channel γ if the following condition is sustained.
Specifically, combining (C2), (C5), and (C6) results in the target channel sequence (β, γ, γ, γ, · · · ), as shown in the fourth row of Fig. 5 .
• The interrupted secondary user will select channel α if the following condition is satisfied:
Because condition (C2) is satisfied in this condition, the target channel at the fourth interruption will be channel β. Consequently, condition (C5) will make that channel γ becomes the target channel at the fifth interruption. In this case, condition (C7) will be checked again. Thus, when (C2), (C5) and (C7) are satisfied, the target channel sequence becomes (β, γ, α, β, γ, α, β, γ, α, · · · ), as shown in the fifth row of Fig. 5 .
• The target channel at the third interruption is channel β if the following condition is satisfied:
Similar to the discussion in condition (C7), we can prove that combining conditions (C2), (C5) and (C8), the target channel sequence is (β, γ, β, γ, β, γ, · · · ), as shown in the sixth row of Fig. 5 .
• Last, we show that it is unnecessary to consider other channels except for channels α, β, and γ at the third interruption. We will prove this property by contradiction. Assume that there exists channel ξ = argmin k∈Ω/{α,β,γ}
s ] to be another target channel based on the greedy algorithm. That is, the following conditions are sustained:
However, based on (C2), we know that
Hence, it is proved that it is unnecessary to further consider other channels except for channels α, β, and γ. From the above discussions, conditions (C1)-(C8) are all needed to be examined if the greedy strategy is adopted. We conclude that the greedy strategy results in only six possible target channel sequences that are needed to be further compared in the Cumulative Handoff Delay Minimization Problem, which are shown in Fig. 5 .
Based on Theorem 2, the transmitter and the receiver need to consider only three channels for spectrum handoff when the greedy target channel selection strategy is adopted. This small-sized solution set with the greed strategy can simplify channel consensus issue in CR networks. Theorem 2 can be also extended to other greedy strategies based on various criteria, such as the longest expected remaining idle period. Based on the above discussions, the target channel selection algorithm with O(M ) time complexity is proposed as follows. As seen in Algorithm 2, by examining conditions (C1) to (C8) one time, one can determine a suboptimal target channel sequence by referring to Fig. 5 .
B. Greedy Target Channel Selection Algorithm
VI. NUMERICAL RESULTS
In this section, we show the performance of cumulative handoff delay for the proposed target channel sequence design approaches in an environment with multiple handoffs. The proposed analytical models can incorporate the effects of various statistics of service time distributions of both primary and secondary users. Five target channel selection schemes are compared, consisting of (1) a random selection strategy; (2) throughput-based strategy; (3) the proposed greedy shortesthandoff-delay target channel selection strategy; (4) the proposed dynamic-programming (DP)-based approach; and (5) the exhaustive-search (ES)-based approach. In our simulations, random selection strategy selects the target channel from candidate channels with equal probability when an interruption event occurs. The throughput-orientated strategy selects the channel that is most unlikely accessed by the primary users. The greedy strategy selects the target channel with the shortest delay in one spectrum handoff. The DP-based and ES-based approaches select the target channel taking into account of the cumulative delay of multiple spectrum handoffs. Nevertheless, the DP-based approach selects the target channel with less search complexity compared to the ES-based approach that requires comparing all the possible permutations of target channel sequences. Note that we consider the case that L is an enough large value (say 100) in the following numerical results.
To apply the proposed analytical results in (5), we need to specify the effective service time Φ (si) i of the secondary connection between the i th and the (i + 1) th interruptions in (13) . Assume that the service time (denoted by χ s ) of the considered newly arriving secondary connection is exponentially distributed. Referring to [29] , we have E[Φ
. Thus, it follows that
Note that the distributions of service time χ s for the newly arriving secondary users' connection and X (η) s for the existing secondary users' connections can be different in our model.
A. Effects of Traffic Statistics for Newly Arriving Secondary Connection's Service Time
Firstly, we investigate the effects of the newly arriving secondary connection's average service time (E[χ s ]) on its cumulative handoff delay. Figure 6 compares the cumulative handoff delay of the five considered target channel selection schemes in a four-channel CR network with λ Fig. 6 (a) considers the case where the service time distributions of the primary users in different channels are similar, and Fig. 6 (b) is for the case where the service time distributions of the primary user in different channels are different. From the figure, we have the following observations:
• As the average service time E[χ s ] increases, it is expected that a secondary user experiences more interruptions on average. Both figures show the cumulative handoff delay increases as E[χ s ] increases.
• Among the five considered target channel selection schemes, the DP-based approach and the exclusive search approach perform the best in both cases. Compared to the random strategy at E[χ s ] = 20, the DP-based approach can reduce the cumulative handoff delay by 20% and 60% in Figs. 6(a) and 6(b), respectively. This is because the DP-based approach takes the traffic statistics of both primary users and secondary users into account when determining the target channel for spectrum handoff. The greedy strategy has the same performance as the DPbased approach in Fig. 6(a) , but its cumulative spectrum handoff delay is 9% higher than the DP-based approach at E[χ s ] = 20 in Fig. 6 
(b).
• It is found that the throughput-based strategy yields the same cumulative handoff delay as the greedy strategy in Fig. 6(b) . However, when the statistics of the existing secondary users' connections are different, Fig.  6 (a) shows that throughput-based strategy has the worst cumulative handoff delay performance. At E[χ s ] = 20, the cumulative handoff delay of the throughput-orientated strategy is 46% higher than that of the greedy strategy, and even 16% worse compared to the random strategy. This can be explained by the fact that the throughputbased target channel selection considers only the traffic statistics of primary users. In Fig. 7(a) where (14, 15, 15, 15) , and (E[X (1) s ], E[X (2) s ], E[X (3) s ], E[X (4) s ]) = (10, 12, 14, 16) (10, 15, 20, 25) , and (E[X (1) s ], E[X (2) s ], E[X (3) s ], E[X (4) s ]) = (10, 10, 10, 10). (15, 15, 15, 15) , where (a) (λ (10, 12, 14, 16) .
B. Effects of Traffic Statistics of the Existing Secondary Connections
As a result, for a large value of E[X s ], the optimal DPbased as well as the ES-based approaches, and the greedy strategy prefer staying on the current operating channel to reduce the impacts of long waiting time due to changing the operating channels, resulting in the same constant handoff delay E[Y p ]. Because the random strategy still possibly change the target channels for spectrum handoff even for a large value of E[X s ], its cumulative handoff delay increases as E[X s ] increases as shown in the figure. Fig. 7(b) shows the effect of λ s , where λ As Fig. 7(a) the similar phenomenon can be found except that the saturation point for the cumulative handoff delay is around λ s = 0.02. Figure 8 shows the effects of the average service time E[X p ] and the arrival rate λ p of the primary users' connections on the cumulative handoff delay of the newly arriving secondary users' connection. Let λ From Fig. 8(a) where E[X (k) p ] = E[X p ] for 1 ≤ k ≤ 4, we observe the following phenomenons. As expected, the cumulative handoff delay of all the target channel selection approaches increases as E[X p ] increases because a larger value of E[X p ] lead to heavier traffic load. However, the cumulative handoff delay for the random target channel selection strategy increases much more dramatically than the other target chan- p ], E[X (2) p ], E[X (3) p ], E[X (4) p ]) = (10, 12, 14, 16) .
C. Effects of Traffic Statistics of Primary Connections
nel selection strategies. This phenomenon can be explained as follows. It is likely that the random selection strategy will still change to other operating channels even in the heavy traffic situation. By contrast, the optimal DP-based as well as ESbased approaches, and the greedy strategy take into account of the traffics of primary users and will wait at the original channels when E[X p ] ≥ 13. In this case, their handoff delay is only related to the busy period E[Y p ], thereby leading to the convergence of the cumulative handoff delay as shown in the region of E[X p ] ≥ 13. Fig. 8(b) shows the effect of the primary users' arrival rate λ p , where λ (k) p = λ p for 1 ≤ k ≤ 4. We can draw the similar conclusion as in Fig.  8(a) . In the considered conditions, one can observe that the greedy strategy performs the same as the optimal DP-based and ES-based approaches.
VII. CONCLUSIONS
In this paper, we have investigated the Cumulative Handoff Delay Minimization Problem for cognitive radio networks. We formulated an optimization problem to determine a minimal-cumulative-handoff-delay target channel sequence when a secondary connection encounters multiple handoffs. We first proposed a trellis state diagram to characterize the cumulative handoff delay cost for various target channel sequences. Next we proposed a dynamic programming algorithm to solve the cumulative handoff delay minimization problem. For a M -channel CR network with L spectrum handoffs, the time complexity of the DP-based optimal algorithm is only O(M 2 L) compared to O(M L ) of the exclusive search approach. We further suggested a suboptimal but lowcomplexity greedy target channel selection strategy, which has only time complexity of O(M ) and requires only six target channel sequences for comparison. Our results show that the performance of this greedy strategy can approach the optimal solution in most cases. However, in the case when the primary users have different service time distributions among the considered channels, the greedy strategy cannot achieve the same performance as the optimal DP-based approach.
Some possible research issues that can be extended from this work include the following. First, it is worthwhile investigating the cumulative handoff delay performance of different target channel selection algorithms in a more general case where the existing secondary users in G can change their operating channels for the interruption requests. Furthermore, it is still an open research issue to develop a general framework to determine the optimal target channel sequences of all the secondary connections simultaneously.
